Abstract-Lack of force sensing is one of the most formidable technical challenges in retinal microsurgery. Incorporating high sensitivity force sensing into the ophthalmic tools has the potential to provide the surgeon useful force feedback and to enable safe robotic assistance. This paper presents a new design of a three degrees of freedom force sensing instrument based on fiber Bragg grating sensors. A new flexure is developed to achieve high axial force sensing sensitivity and low crosstalk noise. The force sensing segment of the tool, located directly proximal to the tool tip, is 0.9×8 mm. An extensive calibration shows that the force sensor can measure the transverse and axial force up to 21 mN with 0.5 mN and 3.3 mN accuracy, respectively. The new flexure design demonstrates the potential to improve axial force sensing. Analysis of the experiment results suggests improvements for the future iteration.
I. INTRODUCTION
Retinal microsurgery involves complex intraocular surgical procedures to treat retina-related diseases, e.g., epiretinal membrane (ERM), diabetic retinopathy, retinal detachment, and macular holes. During retinal microsurgery, the surgeon inserts long, thin ophthalmic instruments through trocars on the sclera to perform fine manipulation of the delicate eye tissue in a small constrained space (average axial length of the human eye is about 23.5 mm), as shown in Fig. 1 . One challenge to treatment stems from the microscopic dimensions and the fragility of the tissues in the eye. Another challenge derives from the human physiological limitations, such as surgeon hand tremor and fatigue. One of the most formidable technical challenges is the lack of force sensing. Forces exerted in retinal microsurgery are generally well below the human sensory threshold. Previous study [1] has shown that 75% of forces applied during in vitro retinal manipulation in porcine cadaver eyes are less than 7.5 mN, and only 19% of the events at this force level can be felt by the surgeons. Large forces are undesired and can potentially damage the delicate retina. Incorporating force sensing capability into the ophthalmic instrument enables quantitative monitoring of force applied during retinal mircosurgery. It can be used to provide awareness of subtactile tool-tissue forces to the surgeon. The technology can also be incorporated into robotic systems to provide haptic feedback and motion guidance.
There has been considerable work on force sensing for microsurgery, micromanipulation, and minimally invasive surgery (MIS). Menciassi et al. [2] developed a piezoactuated microgripper with a dimension of 17×0.5×0.4 mm. The microgripper is instrumented with strain gauges for force sensing to provide haptic feedback in microsurgery. Peirs [3] designed a MIS instrument using intensity modulated optic sensors. It provides triaxial force sensing with a resolution of 0.04 N. Seibold et al. [4] utilized a flexure Steward platform with strain gauges to integrate 6-axis force sensing into an actuated MIS instrument. Polygerinos et al. [5] developed a triaxial catheter-tip force sensor for MRI-guided cardiac ablation procedures. Furthermore, various studies have investigated different force sensing techniques, such as piezoresistive strain gauges [6] - [9] and fiber optical sensors [10] , [11] . However, these designs cannot be directly applied to retinal microsurgery due to the specific requirements on the force sensing range (≥ 10 mN), resolution (≤ 1 mN), and dimensions (e.g., ≤ 0.9 mm in diameter). It is also desired that the force sensor is integrated into the distal portion of the tool shaft, typically located inside the eye. Force sensors mounted in the handle of the microsurgical tool [12] cannot distinguish the force exerted at the tool tip and the contact force at the sclerotomy [13] .
Our approach is to integrate fiber optic sensors into the tool shaft, close to the tool tip, such that the sensors are located inside the eye when the tool is used to manipulate the eye tissue. We developed a family of two degrees of freedom (DOF) force sensing tools [14] - [16] that can measure the transverse forces with 0.25 mN resolution. Our previous work has further investigated 3-DOF force sensing instruments using a Fabry-Pérot interferometer [17] and fiber Bragg grating (FBG) [18] , [19] . In this paper, we report a new design of a sub-millimetric 3-DOF force sensing instrument with integrated FBG sensors. A new flexure is developed to improve the axial force sensing, and reduce crosstalk noise from the transverse force. The tool design, fabrication, calibration, and experimental results are described in the following sections. Retinal microsurgery requires the force sensor to provide high resolution force sensing within strict dimension constraints. To achieve the design specifications, we incorporate high sensitivity FBG sensors with a new flexure design. The force sensor prototype is assembled from components fabricated with photochemical etching and laser micro-machining.
A. Design Requirements
Table I summarizes the design specifications for the 3-DOF force sensing instrument. In order to achieve accurate sensing of the tool-tissue forces, it is important to design a compact force sensor that fits into the distal end of the tool shaft. The diameter of the force sensor needs to be less than the tool diameter (≤ 0.9 mm, i.e., 20 Ga). The length of the force sensor should be less than 15 mm to ensure that the force sensor stays inside the eye with sufficient margin for tool motion.
The desired force range is at least 10 mN, because most of the forces exerted during retinal microsurgery are below 7.5 mN in magnitude [1] . Ophthalmic instruments are long and thin, therefore their axial stiffness is significantly higher than the transverse/bending stiffness. The major design challenge is to integrate axial force sensing with high sensitivity. The desired force resolution is 0.25 and 1 mN for transverse and axial forces, respectively. In addition, we want to integrate the tool quick release mechanism [20] into the tool handle, so that the 3-DOF force sensing tool can be incorporated with the Steady-Hand Eye Robot [20] , [21] to enable robot force feedback and force control methods [21] - [23] .
B. Force Sensor Concept Design
Previous work by our group [19] demonstrates the 3-DOF force sensing capability using FBG sensors with a miniaturized flexure. One drawback of the flexure design presented in [19] is that the flexure deformation increases under both axial and transverse forces. While reducing the structure stiffness under axial force is desired for improving axial force sensing sensitivity, large bending deformation under transverse force can introduce significant crosstalk noise to interfere axial force sensing. In previous design, this problem is intended to be mitigated by the FBG sensor configuration: first, the FBG sensor for axial force sensing is aligned with the tool axis in order to minimize the crosstalk noise from bending; second, the three FBG sensors for transverse force sensing are placed proximal to the flexure so that they are isolated from the flexure deformation. In this iteration, the flexure design is improved to provide maximum deformation under axial force load and minimum deformation under transverse force load. Fig. 1 illustrates the sensor design concept. Similar to our 2-DOF force sensing tools [14] - [16] , three outer FBG sensors are arranged at 120
• intervals along the tubular tool shaft, as shown in Fig. 1(b) . They are used to measure the transverse force. Axial force sensing is realized by combining a flexure and an inner FBG sensor. The flexure consists of an outer tube connected to an inner wire by six thin flexible beams. Each beam is 50 µm thick, 60 µm wide, and 200 µm long. The beams are arranged in two separate planes that are 1 mm longitudinally apart. Within each plane, the three beams form a Y-shape configuration with 120
• intervals. The distal end of the inner wire is joined with the micropick, while its proximal end is connected to the inner FBG sensor that is aligned with the tool axis. Theoretically, this FBG sensor only measures the strain generated by axial force, decoupled from transverse force, because it should be placed on the neutral bending axis, i.e., the tool axis. However, it is difficult to achieve perfect alignment in practice. The flexure should strengthen the decoupling of axial force sensing from the transverse forces, as well as provide axial strain amplification under axial force load. All four FBG sensors have a 3 mm FBG active segment with center Bragg wavelength of 1545 nm (Technica S.A., Beijing, China). The fiber cladding diameter is 80 µm, while the fiber diameter including the coating is 100 µm.
Finite element analysis (FEA) is carried out using Creo/Simulate (PTC, Needham, MA) to evaluate the flexure behavior under axial and transverse load. Fig. 2 shows the displacement generated in the flexure when 10 mN axial and transverse forces are applied at the distal input end of the inner wire of the flexure, respectively. When axial force is applied, the displacement of the proximal output end (2.8 × 10 −5 mm) is close to that of the input end. Under transverse force load with the same magnitude, the displacement of the proximal output end is minimized (3.4 × 10 −6 mm). By comparison, FEA simulation with the same force loads are performed with the previous flexure design. The displacement generated by axial and transverse forces are 4.4 × 10 −4 mm and 5.8 × 10 −3 mm, respectively. Although the new flexure design does not provide the same large strain amplification under axial force as the previous design, it reduces the crosstalk noise from the transverse force by a factor of 1000.
C. Fabrication of the 3-DOF Force Sensing Instrument
The FEA simulation demonstrates that the new flexure design exhibits the desired behaviors, i.e., strain amplification for axial force and noise rejection against transverse force. However, its complex structure and small dimension present challenges for fabrication. An assembly model is devised to fabricate a prototype as a proof of concept. The assembly model consists of components that can be manufactured using photochemical etching and laser micro-machining, as shown in Fig. 3 . and 0.36 mm, respectively. The outer FBG sensors 11 , 12 , and 13 are longitudinally attached to the tool shaft 10 , with 120
• intervals. All stainless steel tubing is laser micromachined (Laserage, Waukegan, IL).
All components are manually assembled under a microscope. Fig. 4 shows the major steps of the flexure assembly process. All connections are adhesive bonding using Loctite 3103 (tensile modulus 207 N/mm 2 , Henkel, CT). First, the center wire 2 , spacer 4 , flexure beam 6 , connector 7 , and inner FBG sensor 9 (not shown in Fig. 4(a) ) are connected in series. Second, the outer tube 5 is carefully aligned and joined with the flexure beam 6 . Third, the second flexure beam 3 is fixed with the outer tube 5 and spacer 4 . Fig. 4(d) shows the assembled flexure.
After the flexure is built, the intermediate support tube 8 and the outer tube 10 are added. Subsequently, the outer FBG sensors are attached to the outer tube 10 . The final step is to install the tool handle with the quick release mechanism. Fig. 5 illustrates the prototype of the new 3-DOF force sensing instrument. The length of the distal force sensing segment is about 8 mm. Although the micro-pick is not attached in the current prototype, it can be added in the future.
III. EXPERIMENTS AND RESULTS
The new 3-DOF force sensing instrument is calibrated with an automated calibration system [19] . Fig. 6(a) and (b) illustrate the calibration setup. A precision scale is used to measure the force magnitude with 1 mg resolution. A calibration weight (2.15 g) is attached to the tool tip through a thin wire. A high precision robot holds the tool to control its orientation and position. The height of the tool tip with respect to the scale determines the portion of the calibration weight applied on the tool tip, i.e., force magnitude. The two rotational DOFs of the robot, roll and sweep, control the orientation of the tool, thus the direction of the force load. The definition of the roll and sweep angles in the tool tip coordinate is illustrated in Fig. 6(c) . The robot translational and rotational resolution are 1 µm and 0.005
• , respectively. The FBG sensors are sampled with an optical sensing interrogator sm130-700 (Micron Optics, Atlanta, GA) at 2 kHz refresh rate. More details on the calibration system are described in [19] .
The 3-DOF force sensing tool is calibrated in 168 poses with the roll α and sweep β angles varying from -165
• to 180
• , and from 0 • to 90 • , respectively, both with 15
• incremental. Fig. 6(d) illustrates all 168 directions of the calibration force loads. At each pose, the force magnitude ranges from 0 to 21 mN. In total, about 2.4 × 10 5 calibration samples are obtained. In the following sections, the calibration data is used to determine the mapping from the FBG sensor readings to the transverse and axial forces.
A. Transverse Force Calibration
Our previous work [14] , [19] has shown the FBG sensor readings are linearly dependent on the transverse force. The key equation is shown below for readers' convenience with detailed description in [19] :
where
T denotes the transverse force applied at the tool tip, K t denotes a 2×3 coefficient matrix, and
T is the sensor readings of the three outer FBG sensors. Fig. 7 illustrates the calibration results using linear fitting for transverse force. Fig. 7(a) and (d) show the calculated force versus the actual force, in X-and Y-direction, respectively. A straight line through the origin with slope 
(45
• ) would be the perfect fitting result. As shown in Fig. 7(a) and (d) , the estimated values of both F x and F y are consistent with their actual values. Fig. 7(b) and (e) illustrate the residual errors. The root mean square (RMS) error is 0.53 and 0.36 mN for F x and F y , respectively. Fig. 7 (e) and (f) show the probability distribution of the residual error. The distribution of residual error in F x is skewed to the right, while the distribution of residual error in F y is fairly symmetric. This could indicate that the manual assembly process, together with machining and assembly tolerance, potentially creates structural asymmetry in the 3-DOF force sensing tool.
B. Axial Force Calibration
FEA simulation results in Section II-B show that the new flexure can be less sensitive for axial force sensing, compared to the previous design, despite improved crosstalk noise rejection. We first test a linear model, and then use a polynomial model to calculate the axial force.
A simple linear model for calculating axial force can be written as:
where F z denotes the axial force, K z is a 1×4 coefficient vector, and ∆Λ = [∆λ 1 , ∆λ 2 , ∆λ 3 , ∆λ 4 ] T denotes the Bragg wavelength shifts of the FBG sensors. This linear model provides a local estimate for the samples with the sweep angle β ≤ 15
• , as shown in Fig. 8(a), (b) , and (c). This partial data corresponds to all the forces in a cone region with a vertex angle of 30
• . The RMS error is 1.27 mN. A second-order Bernstein polynomial model is used to calculate a global fitting for all calibration data:
where n = 2 is the order of the Bernstein polynomial, F z denotes the axial force, c ijkl denotes the coefficients,
, and b l,n (∆λ * 4 ) are the Bernstein basis polynomials. More detailed description on Bernstein polynomial is in [19] .
As shown in Fig. 8(d) , (e), and (f), the polynomial fitting exhibits relatively large error. The RMS error is 3.33 mN, and the maximum residual error is greater than 10 mN. The possible reasons for the large fitting error is discussed in Section IV.
IV. DISCUSSION

A. Behavior of the Inner FBG Sensor
The inner FBG sensor is devoted to measuring the axial force, leveraging strain amplification and crosstalk noise rejection provided by the flexure design. However, experimental results in Section III-B indicate that the sensor behavior differs from the design expectation. The Bragg wavelength shift of the inner FBG sensor, ∆λ 4 , is reviewed carefully with the force load applied. It is found that ∆λ 4 is linearly correlated to the force magnitude in each force direction, i.e., given α and β, where F is the force magnitude, κ and c denote the slope and the offset of the linear relationship, respectively. The correlation coefficients between F and ∆λ 4 at all 168 poses (combination of 24 roll α and 7 sweep β angles) have a mean of 0.95, with standard deviation of 0.06. The inner FBG sensor exhibits local linearity with respect to the force magnitude. However, the slope κ varies with the force direction, which is determined by α and β. Fig. 9 (a) and (b) illustrate κ values calculated in each force direction plotted on the α-β grid and on a unit hemisphere, respectively. For better visualization, linear interpolation is used to generate a finer grid/hemisphere with 5
• incremental from the original with 15
• incremental. First, large variation in κ occurs when β gets close to 90
• , i.e., the force load turns toward the transverse direction. This corresponds to the peak and valley along α-axis when β → 90
• , as shown in Fig. 9(a) . One possible cause could be that the inner FBG sensor is slightly off the tool axis. Second, although the κ values where α is between 0
• and 60
• are relatively close, there are still small fluctuations, forming many local humps, as shown in Fig. 9(a) . This small variation could be due to the nonuniform structural behavior of the miniature, yet complex prototype assembly.
As comparison, Fig. 9 (c) and (d) illustrate the κ values calculated using the calibration data of the previous 3-DOF force sensing tool [19] . First, κ presents an even larger shift along α-axis, when β increases to 90
• . When the force direction is near transverse, κ can drop below zero. This indicates that the bending due to the transverse force component dominates the tension attributed to the axial force component, resulting in a negative slope between the force magnitude and the Bragg wavelength shift. This observation confirms the drawback of the previous flexure design as mentioned in Section II-B. As shown in Fig. 9(a) , the new flexure design improves on suppressing the variation of κ with respect to changes of β. Compared to the previous design, it provides a more consistent sensor response as the force direction sweeps between transverse and axial. While the previous design presents the values of κ ranging from -7.2 to 3.3 pm/mN, the κ values of the new design spans from 0.61 to 3.0 pm/mN. This demonstrates the potential of the new flexure to provide improved independent axial force sensing. Second, Fig. 9 (c) shows a smooth variation of κ as the force direction changes, without the humps as shown in Fig. 9(a) . This could explain why the second-order Bernstein polynomial can provide a good estimate for the previous design, yet is unable to model the fluctuations of the new tool.
B. Current Issues and Future Improvements
While the FEA simulation predict improvement on decoupled axial force sensing with this new design, the experimental results are difficult to model with a linear regression or second-order polynomial. Compared with the previous design [19] , the new sensor design should provide a refined flexible structure. However, it also presents challenges on fabrication. The assembly model is devised to build a prototype as a proof of concept. In the assembly design, additional assembly tolerances are included when dimensioning the components, in order to allow manual assembly of a dozen of components with micron-level dimensions. More than 20 adhesive bondings are used to join 12 components within a 0.9×8 mm volume. The force sensor prototype built is very different from the ideal FEA simulation model. However, the new design of the 3-DOF force sensing instrument does show the potential to achieve better axial force sensing. As shown in Section IV-A, the variation of κ is suppressed into a fairly small interval. Improving the fabrication process would be important to enhance the sensing performance, e.g., reducing noises, and minimizing the peaks and valleys shown in Fig. 9(a) . We are considering adopting MEMS techniques to fabricate the flexure as one single part, eliminating the error-prone manual assembly process of the flexure. Design parameters can be optimized for the MEMS process, in order to improve the axial force sensitivity, as well as to enhance the sensing decoupling and noise rejection. The parameters include width and thickness of the Y-shape flexure beams, as well as the distance between the two sets of the flexure beams.
V. CONCLUSIONS
Lack of force sensing is one of the most formidable technical challenges in retinal microsurgery. Previous work by our group has investigated 2-DOF and 3-DOF force sensing instruments with fiber optic sensors. This paper presents the development of a new 3-DOF force sensing ophthalmic tool with FBG sensors. The force sensing is integrated into the distal portion of the tool shaft with a diameter of 0.9 mm and a length of 8 mm. A new flexure is designed to achieve high axial force sensitivity and low crosstalk noise from transverse force. An assembly model is devised to prototype the force sensor. The assembly components are fabricated using photochemical etching and laser micro-machining, and manually assembled under microscope. Extensive calibration with force loads up to 21 mN in 168 force directions is carried out using an automated calibration system. Experiment results show that the new 3-DOF force sensing instrument can provide transverse force measurement with 0.5 mN RMS error using a linear model, and axial force measurement with 3.3 mN RMS error using a second-order Bernstein polynomial model. A few observations of the behavior of the inner FBG sensor could provide explanations for the sensing performance of this new tool. They could also suggest possible measures to improve future iterations. As a proof of concept, this new design has demonstrated the potential to enhance independent axial force sensing. To further improve the sensing performance, advanced MEMS techniques will be used to increase the fabrication precision and accuracy. Future work includes more benchtop validation experiments, as well as in vivo experiments. The design of the 3-DOF force sensing tool can also be adopted for other surgical applications, where high resolution force sensing is desired at the tool tip with miniature size constraint. It can be used for distal force sensing in microsurgeries such as vascular and cochlear implant surgeries, as well as in catheterization procedures.
